A. Ferrus, S. C. Fujita, Proc. Natl. Acad. Sci. U.S. A.
78, 6548 (1981); L. Salkoff, Cold Spring Harbor
Symp. Quant. Biol. 48, 221 (1983); L. Salkoff and
R. Wyman, J. Physiol. (London) 337, 687 (1983);
C.-F. Wu and F. N. Haugland, J. Neurosci. 5, 2626
(1985); L. C. Timpe and L. Y. Jan., ibid. 7, 1307
(1987).

3. A. Kamb, J. Tseng-Crank, M. A. Tanouye, Neuron
1, 421 (1988); A. Kamb, L. E. Iverson, M. A.
Tanouye, Cell 50, 405 (1987); B. L. Tempel, D. M.
Papazian, T. L. Schwarz, Y. N. Jan. L. Y. Jan, Science
237, 770 (1987); D. M. Papazian, T. L. Schwarz,
B. L. Tempel, Y. N. Jan, L. Y. Jan, ibid., p. 749; O.
Pongs et al., EMBO J. 7, 1087 (1988); T. L.
Schwarz, B. L. Tempel, D. M. Papazian, Y. N. Jan,
L. Y. Jan, Nature 331, 137 (1988); A. Baumann et
al., EMBO J. 6, 3419 (1987).

4. L. E. Iverson, M. A. Tanouye, H. A. Lester, N.
Davidson, B. Rudy, Proc. Natl. Acad. Sci. U.S.A.
85, 5723 (1988); L. C. Timpe et al., Nature 331,
143 (1988).

5. L. Salkoff, Nature 302, 249 (1983); T. Elkins, B.

Ganetzky, C.-F. Wu, Proc. Natl. Acad. Sci. U.S.A.
83, 8415 (1986).

6. C. K. Solc and R. W. Aldrich, J. Neurosci. 8, 2556
(1988); C. K. Solc, W. N. Zagotta, R. W. Aldrich,
Science 236, 1094 (1987).

7. K. Baker and L. Salkoff, unpublished observations.

8. M. L. Pardue, in Drosophila, a Practical Approach, D.
B. Roberts, Ed. (IRL Press, Oxford, 1986), pp.
111-137.

9. M. Noda et al., Nature 312, 121 (1984); M. Noda et
al, ibid. 320, 188 (1986); L. Salkoff et al., Science
237, 744 (1987); T. Tanabe et al., Nature 328, 313
(1987).

10. R. Kornfield and S. Kornfield, Annu. Rev. Biochem.
54, 631 (1985).

11. K. A. Wharton, B. Yedvobnick, V. G. Finnerty, S.
Artavanis-Tsakonas, Cell 40, 55 (1985).

12. E. G. Krebs, Annu. Rev. Biochem. 48, 923 (1979).

13. M. A. Bourdon, A. Oldberg, M. Pierschbacher, E.
Ruoslahti, Proc. Natl. Acad. Sci. U.S.A. 82, 1321
(1985).

14. F. R. Jackson, T. A. Bargiello, S.-H. Yun, M. W.

Young, Nature 320, 185 (1986).

15. B. L. Tempel, Y. N. Jan, L. Y. Jan, ibid. 332, 837
(1988); A. Baumann, A. Grupe, A. Ackermann, O.
Pongs, EMBO J. 7, 2457 (1988).

16. M. Pak et al., unpublished observations.

17. B. Hille, Ionic Channels of Excitable Membranes (Sin-
auer, Sunderland, MA, 1984).

18. J. Kyte and R. F. Doolittle, J. Mol. Biol. 157, 105
(1982).

19. A. Butler, C. Smith, L. Salkoff, unpublished obser-
vations.

20. Supported by NIH grant 1 RO1 NS24785-01 and a
research grant from the Muscular Dystrophy Associ-
ation of America. K.B. is partially supported by
NIHRSA grant GMO 7200. We thank J. Ajioka, I.
Duncan, M. Pak, C. Smith, and A. Ratcliff for
technical help; S. Elgin for research material; P.
Salvaterra for his generous gift of a cDNA library;
and G. Fischbach, D. Gottlieb, J. Krause, and J.
Cohen for helpful discussions.

30 September 1988; accepted 3 January 1989

Antisense RNA—-Induced Reduction in Murine TIMP
Levels Confers Oncogenicity on Swiss 3T3 Cells

Rama KHOKHA, PAUL WATERHOUSE, SIMCHA YAGEL,*
PeEEYUSH K. LALA, CHRISTOPHER M. OVERALL, GILL NORTON,

Davip T. DENHARDTTT

Mouse 3T3 cell lines capable of constitutively synthesizing an RNA complementary to
the messenger RNA encoding TIMP, tissue inhibitor of metalloproteinases, were
constructed by transfection with appropriate plasmid constructs. Many of the lines
were down-modulated for TIMP messenger RNA levels and secreted less TIMP into
the culture medium. In comparison to noninvasive, nontumorigenic controls, these
cells not only were invasive in a human amnion invasion assay, but also were
tumorigenic and metastatic in athymic mice. These results indicate that TIMP
suppresses oncogenicity, at least in immortal murine 3T3 cells.

MURINE CDNA CLONE CALLED
16C8 was identified initially by dif-
ferential screening of a ¢cDNA li-
brary with radiolabeled cDNA probes re-
flecting the mRNA content of quiescent
versus serum-stimulated Swiss 3T3 cells (1).
Synthesis and cytoplasmic abundance of the
cognate 0.9-kb mRNA are enhanced by
serum, platelet-derived growth factor, dou-
ble-stranded RNA, and 12-O-tetradecanoyl-
phorbol-13-acetate; the product of the
mRNA is a secreted glycoprotein (M;
~29,000) called TIMP, tissue inhibitor of
metalloproteinases (2).
An inverse correlation between TIMP lev-
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els and the invasive potential of murine and
human cells has been reported (3), implying
an important role for TIMP in the control of
tumor invasion in vivo. We report here that
Swiss 3T3 cells modified genetically to syn-
thesize an RNA (antisense RNA) comple-
mentary to the mRNA encoding TIMP are
down-modulated for TIMP expression. This
down-modulation caused the previously
noninvasive cells to become invasive as as-
sessed by an amnion invasion assay. In con-
trast to control cells, cells producing less
TIMP gave rise to tumors and to metastatic
lesions 2 to 3 months after subcutaneous or
intravenous injection into nude mice.

A full-length ¢DNA clone encoding
mouse TIMP was inserted in both orienta-
tions into the Bam HI cloning site of the
mammalian expression vector pNMH, and
constructs capable of producing sense and
antisense transcripts were identified by re-
striction analysis (4). Transcription of the
insert is ostensibly driven by the mouse
metallothionein-1 promoter; the human
growth hormone 3’ untranslated region
provides a splice site and termination signals
for RNA processing. Plasmid pNMH also
has a neomycin resistance gene that confers

resistance to G418 sulfate. pNMH-aT, the
plasmid designed to produce antisense
TIMP RNA, was introduced into Swiss 3T3
cells by coprecipitation with calcium phos-
phate (5), and stable G418-resistant trans-
formants were isolated.

The structure of the integrated plasmid
DNA was determined in individual clones
by DNA blot analysis (Fig. 1). Four out of
ten clones screened had a 2.3-kb Eco RI
fragment that is diagnostic of the unrear-
ranged expression cassette; the larger Eco
RI fragments of 8.0 kb and 3.1 kb carry
portions of the endogenous TIMP gene.
LA1 showed a signal at least 100-fold more
intense than the signals from the LA6, LA7,
and LA8 clones, which appeared to have
single-copy inserts. The higher copy number
of LAl could be the result either of gene
amplification or of insertion of the plasmid
as a concatemer at the site of integration.
The differences in the sizes of the Hind III
and Bam HI fragments among the various
clones indicate that the plasmid had recom-
bined into different sites in the genome and
that the cell lines were unique. The G418-
resistant MC2 line derived from pNMH-
transfected 3T3 cells served as a control.

The extent of stable antisense RNA
expression and its effect on the endogenous
TIMP mRNA levels was investigated by
Northern blot analysis (1, 6). Cytoplasmic
RNA was extracted from exponentially
growing cells, separated by electrophoresis,
and blotted onto nitrocellulose. The result-

-ing blot was probed with strand-specific

probes to identify sense (Fig. 2B) or anti-
sense (Fig. 2C) TIMP RNA (7). One of
several controls performed to verify that
RNA loading and transfer were uniform is
shown in Fig. 2A. An amount of antisense
TIMP RNA comparable to mRNAs of
moderate abundance was present in the cy-
toplasm of LA1, but not LA6, LA7, or LA8
cells. Analysis of total cellular RNA by
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Northern blotting also failed to reveal anti-
sense TIMP RNA above background levels
in these latter clones. It is possible that the
antisense RNA made in the LA6 and LA7
lines annealed to nuclear transcripts of the
TIMP gene and was degraded.

Hind III

Bam HI

Expression of antisense TIMP RNA, pre-
sumed to be driven by the metallothionein
promoter, appeared to be constitutive since
neither Zn?* nor Cd?* was found to influ-
ence either sense or antisense TIMP RNA
levels (4). In addition to background hy-

Eco RI

Flg. 1. Southern blot analysis of the genomic DNA in transfected cell lines. LA1, LA6, LA7, and LA8
were produced by transfection of Swiss 3T3 cells with the plasmid pNMH-aT, which carries the TIMP
<DNA in the antisense orientation (4). MC2 is a G418-resistant line transfected with pNMH. SW is the
original Swiss 3T3 G418-sensitive recipient. Ten micrograms of DNA was restricted with the indicated
enzyme, and the resulting DNA was separated by electrophoresis in a 1% agarose gel; after blotting
onto nitrocellulose, the filter was probed with a TIMP cDNA insert labeled by nick translation with the
use of DNA polymerase I and [a-*?P]dNTP (6). The arrow indicates the 2.3-kb Eco RI fragment
bearing the complete, unrearranged expression cassette containing the TIMP insert. The analysis of the
LA7 DNA was performed in a separate experiment. The exposure time for LA1 was 30- to 40-fold less
than that for the other cell lines. Markers (M) were derived from ADNA cleaved with Eco RI plus Hind
III and end-labeled with the Klenow polymerase and [a-*2P]dATP.

Fig. 2. Northern blot analysis of the RNA in
transfected cell lines. Cytoplasmic RNA (10 pg)
was denatured in formaldehyde/formamide, sepa-
rated by electrophoresis in the presence of
HCHOonal.1% a gel, and transferred to
nitrocellulose (7). The blot was hybridized succes-
sively with the following probes: (A) pBR322
carrying a glyceraldehyde-3-phosphate dehydro-
genase cDNA insert, (B) a probe specific for
TIMP mRNA, and (C) a probe specific for

antisense TIMP RNA. The probe in (A) was -

labeled by nick translation as described in Fig. 1;
the 32P-labeled probes in (B) and (C) were pre-
pared as described (7). In comparison with the
control MC2 line, TIMP mRNA levels in LAl,
LA6, and LA7 were 45%, 71%, and 33%, respec-
tively; these values, each with standard deviations
of 3%, were derived by averaging a dozen scans,
made with an LKB Ultroscan laser densitometer,
of autoradiograms in the linear range of exposure.

MC2
MC2
LAB
LA1

LAG
LA7
M

S835
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A Phage DNA markers are as in Fig. 1. Cell lines are the same as in Fig. 1. Exposure times for the blots

in (B) and (C) are comparable.
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bridization of the probes to ribosomal
RNA, three antisense TIMP RNA species of
0.9, 1.3, and 3.8 kb were consistently de-
tected in LA1 cytoplasm (Fig. 2C). The 1.3-
kb RNA species was the size expected for
the plasmid construct. The 0.9-kb RNA
species may have arisen after hybridization
of the 1.3-kb antisense RNA to the 0.9-kb
endogenous TIMP mRNA followed by
preferential hydrolysis of the single-stranded
RNA overhangs. The 3.8-kb species may
represent a transcript of the complete plas-
mid.

A significant reduction in the steady-state
abundance of TIMP mRNA was observed
in the LAl, LA6, and LA7 clones, whereas
LA8 had TIMP mRNA levels comparable to
the control Swiss 3T3 and MC2 cell lines.
The level of TIMP activity in the condi-
tioned culture media of these cell lines was
assessed by an in vitro assay for collagenase
inhibitor activity (8). Data in Table 1 show
that the TIMP activity observed in media
conditioned by cell lines down-modulated
for TIMP mRNA levels was approximately
half that seen in the control clones. The close
quantitative relation between the extent of
down-regulation of TIMP mRNA and se-
creted TIMP activity provides strong evi-
dence that the inhibitor measured in this
assay was indeed TIMP. The ability of LA1
to produce as much TIMP as LA6 and LA7
suggests that the presence of antisense RNA
in the cytoplasm of this line was not having
a significant additional negative effect on
TIMP production, supporting the thesis
that the antisense RNA is exerting its effect
in the nucleus. TIMP was not down-modu-
lated in LAS8, perhaps because the expres-
sion cassette was transcriptionally inactive.

The cells with lowered TIMP mRNA
levels (LA1, LAG, and LA7) exhibited sub-
tle alterations in morphology and growth
characteristics; they were more refractile and
their volume (measured with a Coulter
counter) was about 25% smaller than con-
trol cells. The density that these cells reached
in monolayer cultures at confluence was
almost twice that achieved by LA8 and the
control Swiss 3T3 and MC2 cells, and they
showed a decreased tendency to become
quiescent in low serum. Thus after incuba-
tion in medium containing 1% fetal bovine
serum for 1 week, some 5% of the cell nuclei
could still be labeled by an 18-hour pulse of
[*H]thymidine; under equivalent condi-
tions, only 1% of the control cells became
labeled (9). However, by most conventional
in vitro criteria the cells down-modulated
for TIMP expression were not transformed:
they were susceptible to contact inhibition,
they ceased DNA synthesis when main-
tained in 0.5% serum, and the small colonies
that formed in soft agar at an efficiency of 25
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to 45% did not grow to contain more than
16 to 32 cells (10). Cells from the parental
and control lines rarely succeeded in divid-
ing even once.

The invasive ability of these cell lines was
assessed by an amnion invasion assay (17).

placed on amnion basement membranes;
invasion was quantified by the radioactivity
associated with the membranes 72 hours
later (Fig. 3). LAl possessed the highest
invasive potential, with some 2.3% of the
total radioactivity becoming associated with

[***I]lododeoxyuridine-labeled cells were the amnion basement membrane. The LA6

Fig. 3. Amnion invasion by T
cell lines down-regulated for
TIMP expression. The am-
nion membranes were fas-
tened to Teflon rings (inva-
sion chambers), placed onto
silicone rubber supports in

No addition
+ 1,10-Phenanthroline
+ Trasylol

30 + Anti-UPA

calf serum), with or without
the proteinase inhibitors or
antibodies to be tested, were
added to the upper cham-
bers and, after incubating
the plates at room tempera- 313
ture for 1 hour, 1.5 X 10°

['**I]iododeoxyuridine-la-

beled cells in 500 pl were

added to the 200 wl in the upper chamber. The concentrations of the inhibitors were 10 pg of 1,10-
phenanthroline per milliliter, 200 units of Trasylol per milliliter, and 1% of affinity-purified rabbit
antibody to mouse urokinase-type plasminogen activator. The plates were incubated at 37°C in a water-
saturated 5% CO, atmosphere for 72 hours, then the medium was removed and surface-associated cells
eliminated by lysis followed by scraping and washing of the membrane surface with phosphate-buffered
saline. The radioactivity associated with the amnion, as well as that of the medium and washings, was
expressed as percent of the total radioactivity, determined by summing the radioactivity in the
individual compartments. The invasion index is the percent of radioactivity retained in the amnion
membrane, and each bar in the figure represents the mean of three measurements * the standard error.

. 2 Z

culture wells with the stro- % 2
mal aspect facing down, and 3 201 Z
amniocytes removed with 2 P
ammonium hydroxide (11). g 2
Aliquots (200 pl) of medium £ 2
(Dulbecco’s modified Ea- ~ é
gle’s medium with 10% fetal 1.0 1 2
/2

%

Z

Cell lines

Table 1. Tissue inhibitor of metalloproteinase (TIMP) activity in culture media conditioned for 24 or
72 hours by Swiss 3T3 cell lines transfected with plasmid constructs encoding TIMP in the antisense
orientation. Data from a representative experiment (¥ = SD, n = 3) are shown; in two independent
repetitions comparable results were obtained. The percentage change in TIMP expression in experimen-
tal cells compared with control MC2 cells is shown in parentheses. Cells were plated at 9 x 10° cells
per 100-mm dish and incubated in Dulbecco’s modified Eagle’s medium supplemented with 10% (w/v)
fetal bovine serum and antibiotics. At confluence the cultures were maintained in serum-free medium
supplemented with insulin, transferrin, and selenium for 3 days, and portions of the conditioned
medium were harvested daily. TIMP activity in the conditioned medium was determined from the
inhibition of a standard amount of purified active porcine gingival explant collagenase (8). Equal
portions of diluted medium were preincubated with 400 U collagenase for 30 min at 22°C before
addition of ~6 ng [*Clglycine-labeled collagen (specific activity 3.5 X 10® dpm/mg). The reactions
were then incubated at 27°C for 19 hours. TIMP was quantified following resolution of the reaction
products by SDS-polyacrylamide gel electrophoresis and laser densitometry of the collagenase-specific
3/4-collagen fragments from the fluorographs in the linear range of the assay; customized softwaré was
used for integration of the peaks generated. The inhibitor assay was sensitive down to ~1 pg TIMP, as
determined by calibration of the assay with purified human fibroblast TIMP (19). One unit of TIMP
inhibits 2 units of collagenase by 50%; 1 unit of collagenase degrades 1 pg of soluble type I collagen per
hour at 27°C. For all assays substrate controls and collagenase assays were performed; no nonspecific
degradation was observed and no active collagenase was detected.

TIMP activity (units per 10° cells)

and LA7 clones were slightly less invasive,
whereas LA8, MC2, and Swiss 3T3 cells
were essentially noninvasive. The highly in-
vasive B16F10 mouse melanoma cells (12),
used as a positive control, showed an inva-
sion index of 3.1%.

Experiments were performed with inhibi-
tors (Fig..3) of various proteinases to char-
acterize the responsible enzyme or enzymes.
Invasion of the amnion by LAl, LA6, and
LA7 cells was prevented by thie chelating
agent 1,10-phenanthroline, firmly implicat-
ing metalloproteinases in the process. In
contrast, invasion was not blocked by antise-
ra against either plasminogen (13) or the
urokinase-type plasminogen activator (anti-
UPA). Trasylol (aprotinin), a serine prote-
ase inhibitor, was also ineffective in blocking
invasion by these cell lines, suggesting that
their invasiveness was not dependent on the
generation of plasmin to activate procolla-
genase. Medium from a cell line (16S1) that
was up-modulated for TIMP expression ef-
fectively reversed the invasiveness of LAIL.

We investigated the tumorigenic and met-
astatic potential of the TIMP-down-modu-
lated and control lires in athymic (nude)
mice. The nude mouse system was chosen in
order to eliminate the possibility of immune
rejection of the transfected 3T3 cells (14). In
an experimental metastasis assay, injection
of LA1 cells into the tail veins of four mice
produced lung tumors in three¢ of the mice
within 3 monthis. Subcutaneous inoculation
into the chest wall of LA1 or LA7 cells led in
cach case to tumor formation in nine of nine
mice within 2 months (Table 2). Macro-
scopic lung metastases, evidence of sponta-
neous metastasis, were evident in the lungs
of the moribund animals, which were killed

Table 2. Tumor formation and mietastasis in nude
mice. Four- to 6-week-old BALB/c nuw/nu female
mice were injected with 4 X 10° cells into the
right anterior lateral thoracic wall. The mice were
killed after the tumor reached a diameter of some
2 cm (about 3 months). In all cases the chest wall
was observed to be intact. All internal organs were
examined for visible metastatic foci. Primary tu-
mors and lungs were fixed in Bouin’s fixative for
subsequent histological examination. Peribron-
chial metastases of the lung tissue were the pre-
dominant lesions; there were no obvious differ-
ences in the number or extent of metastases from
the LAl and LA?7 lines. LA6 was not investigated
because it showed a tendency to revert in the in
vitro studies.

Cell lines
24 hours in medium 72 hours in medium No. of mice No. of mice

Controls _Cells  with primary tumor  with metastases

Swiss 3T3 656 + 100 690 = 37 injected per ?q. otf Crlmcc per pc?.cc:f cimcc

MC2 650 = 140 600 = 140 _meete imecte

LAS8 765 = 110 (120%) 640 + 120 (110%) LAl 9/9 9/9
Down-modulated LA7 9/9 9/9

LAl 440 = 12 (68%) 315+ 33 (53%) LAS 0/5 —

LA6 390 = 60 (60%) 340 = 33 (57%) Swiss 0/5 —

LA7 330 = 68 (51%) 280 = 72 (47%) MC2 0/5 —
17 FEBRUARY 1989 REPORTS 949



after 3 months. Cells derived from the pri-
mary tumors or from tumor-bearing lung
tissue gave rise to G418-resistant lines, indi-
cating that the tumors had arisen from the
injected cells. Mice inoculated with the con-
trol Swiss 3T3 or MC2 lines showed no sign
of tumor formation even after 8 to 9
months. The LA8 cell line, which behaves
like the control cell lines with respect to
TIMP mRNA and protein production, also
did not form tumors. Since it takes some-
what longer for tumors to develop from
these cells than is the case for fully trans-
formed, malignant cells, we suspect that
further changes in gene expression are re-
quired in addition to the down-regulation of
TIMP production. Alternatively, the in-
creased metalloproteinase activity, presumed
to result from decreased TIMP expression,
may affect the immediate environment of
the already immortal cell in vivo in such a
way as to stimulate its proliferation and
foster tumor formation.

We have shown above that in cells engi-
neered to synthesize antisense TIMP RNA
the levels of TIMP and its mRNA are
effectively down-modulated. Reduction in
expression of this one gene reproducibly
conferred tumor-forming and metastatic be-
havior on normal Swiss 3T3 cells; this ap-
pears to certify TIMP as a tumor suppressor.
We argue that only one gene (TIMP) is
directly affected because our 16C8 probe
(TIMP) detects only a single gene and a
transcript of homogeneous size. Since 1,10-
phenanthroline was able to abrogate inva-
sion, it is reasonable to attribute the invasive

behavior of these cells to an increased metal-
loproteinase activity. Because of the high
affinity of TIMP for metalloproteinases
(Ko <1077, small changes in the amount
of TIMP produced can have a dramatic
effect on the level of metalloproteinase activ-
ity (15). Neutral metalloproteinases such as
stromelysin and gelatinase that degrade
components of the basement membrane are
known to be produced by many cell types,
and their expression has been found by a
number of investigators to correlate with the
metastatic potential of some tumor lines
(16). Schultz et al. (17) have observed that
recombinant TIMP exhibits an antimetasta-
tic effect in vivo. Other research has also
suggested an important role for proteinase
inhibitors in controlling the tumorigenic
process (18).
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